The results of a high-resolution Raman scattering study of a diamond crystal with a high content of single substitutional nitrogen impurities (550 ppm) in the temperature range from 50 to 673 K are presented and compared with the data for defect-free diamond. It is established that the increase of the nitrogen concentration in diamond leads to the temperature-independent increase of the Raman line width. Analysis of the experimental data allows us to conclude that this broadening should be attributed to the defect-induced shortening of the Raman phonon lifetime. We believe that this mechanism is responsible for the increase of the Raman line width caused by most pointlike defects in diamond. No pronounced effects of the nitrogen defects on the Raman line position and phonon anharmonicity are observed.
Introduction
Raman scattering spectroscopy has proven to be an effective and powerful technique to characterize diamond and diamond-related materials synthesized under different conditions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The first-order Raman scattering spectrum of diamond is one of the simplest of its kind and consists of a single narrow line at around 1332 cm −1 . Various structural imperfections present in the diamond crystal affect its Raman spectrum. The occurrence of internal strains leads to Raman line shift; fluctuations of interatomic interaction and shortening of the phonon lifetime cause Raman line broadening; the presence of defects and impurities gives rise to new lines in the spectrum. Transformation to other phases (e.g., graphite-like) also would lead to the change of the Raman spectrum. Thus, the study of Raman spectra with an emphasis on the line position and width can help in the characterization of diamonds and diamond-related materials. This message has been exploited in a prodigious number of works [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
An important prerequisite for the correct interpretation of the changes in the Raman line position and width is a clear understanding of the mechanisms responsible for these changes. Despite the long prehistory of experimental and model descriptions of the Raman line in diamond, it is only recently that the ultimate experimental information has been obtained for the temperature dependence of the Raman line width in defect-free diamond [21] . It is found that, for nearly perfect diamond crystals containing negligible amounts of lattice defects and impurities, the Raman line width is described exclusively by three-phonon and four-phonon anharmonic processes. Since, in most cases, Raman spectroscopy characterization of diamond materials is performed at room temperature, the question arises of how the defect-induced contribution to the Raman line width should be described. This question pursues whether it is due to the changes of anharmonicity, or local fluctuations of the optical phonon frequency, or the relaxation of the Raman wavevector selection rule caused by phonon confinement, or the change of phonon wavefunction as solution of the dynamic problem, or something else.
It has previously been determined that nitrogen centers in diamond lead to the increase of the Raman line width proportional to the nitrogen concentration [22, 23] . However, both these works were undertaken at room temperature and it is not clear which mechanism of the Raman line broadening is responsible for this outcome. In the present work, we demonstrate that the study of the temperature dependence of the Raman line recorded with a high spectral resolution can resolve this problem.
Results
Due to the anharmonic effects, the Raman line width of diamond decreases with decreasing temperature. Therefore, the defect-induced broadening is better manifested in the spectra measured at low temperatures. Figure 1 shows the Raman line contours of the diamond sample with high nitrogen concentration (550 ppm) and of the defect-free diamond [21] , recorded at 50 K, which was the lowest temperature in our experiments. As it can be seen, the presence of substitutional nitrogen defects leads to a significant broadening of the Raman line. At the same time, the position of the Raman line is barely, if at all, changed. The broadening induced by nitrogen defects is slightly asymmetric, but the asymmetry is low. An asymmetry factor defined as the difference between the spectral position of the maximum and the mean position at the half-maximum level is 0.07 cm −1 in the case of the nitrogen-containing diamond, while the width difference between the spectra of the defect-free diamond and of the diamond with nitrogen at the half-maximum level is 0.83 cm −1 . Thus, with this low asymmetry, we can consider the main component of the defect-induced broadening as symmetric and make use of symmetric contours for the description of the experimental Raman lines. Another interesting feature of the Raman spectrum of the nitrogen-containing diamond is the occurrence of an additional weak peak located at 1345.5 cm −1 at T = 50 K. This peak is attributed to the well-known localized vibrational mode originating at substitutional nitrogen defects. This is a characteristic feature of the IR absorption spectrum of single substitutional nitrogen defects in diamond appearing at 1344 cm −1 at room temperature. To the best of our knowledge, this is the first time that this nitrogen-related localized mode is detected by Raman scattering. This finding opens certain prospects for the use of Raman scattering for probing the nitrogen content of micro-and nano-diamonds, for which conventional IR absorption spectroscopy cannot easily be applied. For the spectrum shown in Figure 1 , it is found that the relative intensity of the 1345.5 cm −1 local mode peak to the diamond Raman line is about (2.5-3.0) × 10 −3 .
As we have demonstrated previously, the Raman line of diamond crystals with a negligible amount of defects can be well described by the Voigt contour, where the Gaussian component reflects the spectral resolution of the experimental setup (0.3 cm −1 in our experiments) and the Lorentzian component reflects the broadening caused by anharmonicity [21] . The results of the Voigt contour fitting applied to the Raman spectrum of the nitrogen-containing diamond are shown in Figure 2 . It is found that fits with both the fixed Gaussian component (width set to 0.3 cm −1 ) and with the free parameter describe the experimental line contour with good quality. However, if we suppose that the defect-induced broadening has a Gaussian-like contribution and fix the Lorentzian width, setting it to a value found for the defect-free diamond, then the quality of the fit notably decreases. Therefore, we may conclude that the substitutional nitrogen defects causes the Lorentzian-like broadening of the Raman line of diamond. Figure 3 shows the temperature dependence of the Raman line position and width extracted from the Voigt fit of the Raman spectra of the nitrogen-containing diamond and defect-free diamond. It can be seen that the spectral positions of the Raman line are very close for these two diamonds, and that they follow the same temperature dependence. The model description of the Raman line shift with temperature, being still a matter of research [24, 25] , lies beyond the scope of the present work and is not addressed here. The Lorentzian line width of the diamonds with and without nitrogen is different, but the difference is temperature independent. Three-phonon and four-phonon anharmonic processes contribute to the Lorentzian line width of the defect-free diamond, which is described by [26] :
where n(ω,T) is the Bose-Einstein distribution and A and B are the fitting parameters, which for the defect-free diamond are equal to 1.15 cm −1 and 0.2 cm −1 , respectively [21] . The description by Equation (1) is shown in Figure 3 for the data of the defect-free diamond. We find that the same function curve, except shifted upward by 0.87 cm −1 , also describes the experimental Lorentzian line width of the nitrogen-containing diamond very well. Thus, it follows that substitutional nitrogen defects in concentrations at the level of 550 ppm do not produce noticeable changes of the lattice anharmonicity, and the defect-induced broadening of the Raman line is temperature-independent. 
Discussion
The results of this study reveal that the single substitutional nitrogen defects does not change the anharmonicity of the optical phonon in diamond. In principle, one could suppose that the quasi-localized vibrational modes induced in diamond by nitrogen defects, whose local density of states extends below 500 cm −1 [27] , may participate in the anharmonic decay of the Raman phonon. Furthermore, due to symmetry breaking, the decay of the Raman phonon into defect-induced quasi-localized modes could occur with the violation of the wavevector conservation law. Should this hold true, the occurrence of the additional channels for the anharmonic decay of the Raman phonon would modify the temperature dependence of the Raman line width. This, however, as demonstrated by our results, is not the case. With the high precision, the same anharmonic decay process, with the same parameters, describe the temperature-dependent part the Raman line width of both defect-free and nitrogen-containing diamonds. As a consequence, the defect-induced contribution to the Raman line width of a diamond crystal determined from room temperature measurements can be considered representative for the temperature-independent Raman line broadening caused by the defects, at least if the considered defect concentration is of the order of 500 ppm.
The results presented in Figures 1 and 2 demonstrate that the nitrogen concentration leads to an additional Lorentz-like broadening of the Raman line. In the case when the additional broadening would be caused by a distribution of the phonon frequency a Gaussian-like broadening is expected. Thus, the distributions of nitrogen and of defect-induce lattice distortions are uniform at the scale of the coherence volume of the optical phonon taking part in Raman scattering.
Most of the previous models dealing with the defect-induced changes of the Raman line width in diamond or similar crystals consider the relaxation of the wavevector selection rules caused by defects [28, 29] as the main mechanism of the effect of the defects on the Raman spectrum. It can be described by relatively simple estimations involving the uncertainty principle [30] or by solving the equation for the phonon Green's function [31] ; however, their outcomes are qualitatively similar-a shift and an accompanied broadening of the Raman line are expected. In this case, the broadened contour of defective crystals usually does not exceed the tail of the Raman contour of a defect-free crystal at either the high or low frequency side (see, for examples, figures in References [28, 31] ). From our results, it follows that this does not hold for the nitrogen-containing diamond, where defectinduced broadening for both sides of the Raman line is observed and the defect-induced shift of the Raman line is negligible. Furthermore, it should be noted that, as it is demonstrated by Richter et al. [30] , the relaxation of the wavevector conservation law in the case of phonon confinement modifies the temperature dependence of the Raman line width. This, again, as demonstrated by our results, is not the case for nitrogen defects in diamond. While the phonon confinement model cannot describe the observed Raman line broadening correctly, we admit that the observed slight asymmetry of the Raman contour (Figure 1) could be attributed to a contribution of the phonon states in the vicinity of the Brillouin-zone center (Γ point) due to the partial breakdown of the wavevector selection rules.
A mechanism of the defect-induced shortening of the optical phonon lifetime is apparently more appropriate for the case of substitutional nitrogen defects in diamond. However, it is necessary to point out that the zone-center optical phonon has nearly zero group velocity and should be considered as not a propagating, but as an effectively standing wave. This means that the idea of the phonon mean free path evoked to describe the defect-induced scattering of acoustic phonons cannot be easily applied in the present case. To overcome this controversy, we note that the true harmonic solutions of the vibrational problem for a defective crystal are not plane waves, so the optical phonon created by the Raman process is not a vibrational eigenmode of the defective crystal. The standing wave of the optical phonon created by the Raman process undergoes elastic scattering by defects, which act as Rayleigh scatters. This leads to the attenuation of the Raman phonon, shortening its lifetime. The attenuation should be proportional to the defect concentration and result in an additional Lorentzian-like broadening, which is independent of temperature. No sharp dependence of the Raman line position on impurity concentration is expected in this case. The results of this work and the previous observations [22, 23] agree well with the proposed mechanism of the defect-induced effects on the Raman line in diamonds.
In an attempt to provide a quantitative description accrued from the above model, we note that the defect-induced increase of the dissipation factor of the Raman phonon is proportional to the fractional concentration of defects, cd, and for the defect-induced broadening, γ, one can write:
where ω0 is the phonon frequency (for diamond ω0 = 1332 cm −1 ) and F is a dimensionless constant. For the rough estimation, the magnitude of F is an order of unity. With the nitrogen concentration of 550 ppm and F = 1, one obtains the estimation of γ ≈ 0.7 cm −1 , which is remarkably close to the experimentally established value of 0.87 cm −1 . Such closeness is rather fortuitous, since F = 1 has the sense of estimation by an order of magnitude. Nevertheless, we see that the estimation by Equation (2) provides the correct order of magnitude, and it is convenient to characterize different impurities by their value of F. In accord with previous observations [22, 23] , our results show that single substitutional nitrogen defects in diamond cause significant Raman line broadening, but produce very subtle effects on the Raman line position. Even for a diamond crystal with a relatively high nitrogen content (550 ppm), the shift of the Raman frequency cannot be determined with confidence as being within the accuracy of the line-center measurements (about 0.3 cm −1 absolute value in our experiment). On the other hand, it is well known that the presence of nitrogen impurities in diamond results in an increase in the lattice parameter [32] . This lattice dilatation should in turn manifest in the change of the Raman line position, representing the lower limit of the Raman frequency shift caused by nitrogen defects. It is therefore of interest to estimate the magnitude of this effect. Lang et al. [32] found that the dilation of the diamond lattice by single substitutional nitrogen can be described by Δa/a = 0.14 × c(N), where c(N) is the fractional atomic concentration of substitutional nitrogen. For the diamond sample used in the present work, c(N) is equal to 5.5 × 10 −4 and consequently the produced lattice dilatation Δa/a is equal to 7.7 × 10 −5 . For small lattice parameter changes, we can assume the equivalence of tensile and compressive stresses and use the bulk modulus of diamond B = 442 GPa −1 and the hydrostatic pressure coefficient of the Raman line of 3.2 cm −1 /GPa [33] . Our calculations show that, for a diamond crystal containing 550 ppm of substitutional nitrogen, a Raman frequency shift of 0.33 cm −1 can be expected. This value is in reasonable agreement with our observations, so that we may speculate that the main effect of nitrogen impurities on the diamond Raman frequency is through the change of the diamond lattice parameters. Obviously, further investigations employing diamonds with even higher nitrogen content are necessary to verify this hypothesis.
Materials and Methods
Synthetic diamond crystal were grown by the temperature gradient growth method using a high-pressure multi-anvil apparatus of the split-sphere type [34] . A Co0.7Fe0.3 alloy was used as the solvent-catalyst. To produce diamond crystals with high nitrogen concentrations, nitrogen-containing compounds, CaCN2 and Fe3N, were added to the charge. The growth experiments were typically run at 5.5 GPa and 1400 °C for 65 h. For the purpose of the present study, a high-quality octahedral diamond crystal weighting about 2 ct and showing no metallic inclusions was selected. Using laser cutting and mechanical chipping, a plate was cleaved from the outer part of the crystal and then polished from two sides. The produced diamond plate, consisting of a single (111) growth sector, had a thickness of approximately 1 mm and linear size of 4-5 mm. The concentration of nitrogen impurities was determined using infrared (IR) absorption spectroscopy. The spectra were acquired from different locations over the sample using a Bruker Vertex 70 FTIR spectrometer fitted with a Hyperion 2000 microscope (Bruker Optics, Ettlingen, Germany). A representative IR spectrum of the diamond sample is shown in Figure 4 . The concentration of nitrogen impurities in the form of single substitutional nitrogen atoms (C-centers) and nitrogen pairs (A-centers) was determined by decomposing the defect-induced absorption into the C and A components and using known conversion factors [35] . It was found that the concentration of the C form nitrogen in the sample varied within 540-560 ppm, and that of the A form nitrogen varied within 20-30 ppm. Taking into account the results of our previous study [23] , we can neglect the effect of the small concentration of the A-centers, and take the average value of 550 ppm as the representative concentration of the single substitutional nitrogen defects in the studied diamond sample. The techniques and conditions employed for the Raman scattering experiment, as well as the spectral data processing, were the same as those used in our previous work [21] . Shortly, the Raman scattering measurements were carried out with excitation by the 514.5-nm line of an Ar-ion laser with a power of 100 mW. The spectra were recorded in a back-scattering geometry without polarization selection. An Acton TriVista 777 (Princeton Instruments, Acton, Santa Clara, CA, USA) triple spectrometer operated in the additive mode was used with 1800 groove/mm gratings. This configuration provides the pixel resolution of 0.1 cm −1 . The entrance slit was set to 30 microns. The instrumental spectral resolution was determined by experimental spectra of emission lines of a neondischarge lamp, and found to be described by a Gaussian contour with a width of 0.3 cm −1 . The diamond sample was mounted in an optical closed-cycle cryostat or to a furnace for measurements at different temperatures. A temperature range from 50 to 700 K was covered in the Raman experiment.
Conclusions
From the results of the present study, the following main conclusions can be drawn: (1) The increase of the nitrogen concentration in diamond leads to additional Lorentz-like broadening of the Raman line; (2) This line width increase is independent of temperature and should be attributed to the defect-induced shortening of the Raman phonon lifetime. No pronounced effects of the nitrogen concentration on the Raman line position or anharmonicity are found. The present results establish that the increase of the Raman line width in diamonds containing point defects observed at room temperature relates to the decrease in the Raman phonon lifetime due to elastic scattering by defects.
